The Wnt/␤-catenin signaling pathway has been identified as one of the predominantly upregulated pathways in castration-resistant prostate cancer (CRPC). However, whether targeting the ␤-catenin pathway will prove effective as a CRPC treatment remains unknown. Polo-like kinase 1 (Plk1) is a critical regulator in many cell cycle events, and its level is significantly elevated upon castration of mice carrying xenograft prostate tumors. Indeed, inhibition of Plk1 has been shown to inhibit tumor growth in several in vivo studies. Here, we show that Plk1 is a negative regulator of Wnt/␤-catenin signaling. Plk1 inhibition or depletion enhances the level of cytosolic and nuclear ␤-catenin in human prostate cancer cells. Furthermore, inhibition of Wnt/␤-catenin signaling significantly potentiates the antineoplastic activity of the Plk1 inhibitor BI2536 in both cultured prostate cancer cells and CRPC xenograft tumors. Mechanistically, axin2, a negative regulator of the ␤-catenin pathway, serves as a substrate of Plk1, and Plk1 phosphorylation of axin2 facilitates the degradation of ␤-catenin by enhancing binding between glycogen synthase kinase 3␤ (GSK3␤) and ␤-catenin. Plk1-phosphorylated axin2 also exhibits resistance to Cdc20-mediated degradation. Overall, this study identifies a novel Plk1-Wnt signaling axis in prostate cancer, offering a promising new therapeutic option to treat CRPC.
P
rostate cancer (PCa) is the most diagnosed malignant neoplasm of males in the Western world, with men having a 1-in-6 chance of developing invasive PCa within their lifetime in the United States. The androgen receptor (AR) signaling pathway, which is essential for the growth of PCa cells, including late-stage castration-resistant prostate cancer (CRPC), is a valid therapeutic target for PCa patients (1) . Current approaches to treat CRPC are to delay or replace treatment with cytotoxic agents (e.g., docetaxel) with androgen signaling inhibitors (ASIs) such as abiraterone and enzalutamide (2) (3) (4) . Despite this shift in therapeutic intervention, overall survival for CRPC patients has improved only marginally (3, 5, 6) . Therefore, new mechanism-based studies are urgently needed to identify novel targets and strategies to treat CRPC patients who no longer respond to ASIs.
The Wnt/␤-catenin signaling pathway is instrumental in orchestrating proper tissue development in embryos and tissue maintenance in adults (7) . Increasing evidence has indicated that Wnt/␤-catenin signaling is a major pathway associated with developing CRPC (8) . Results from next-generation sequencing studies of CRPC specimens identified components of the Wnt/␤-catenin signaling pathway with significant genomic alterations in CRPC (9) . In low-androgen environments, AR and Wnt signaling may reinforce each other to elicit specific target genes that promote androgen-independent growth and progression. Given that ␤-catenin directly contributes to the activation of AR signaling (8) , it is essential to define how upstream signaling events regulate the ␤-catenin pathway so that new approaches to treat non-ASIresponding CRPC can be developed.
Polo-like kinase 1 (Plk1), a critical regulator of many cell cyclerelated events, is overexpressed in PCa, and high levels of Plk1 correlate with unfavorable patient outcomes (10) . Therefore, Plk1 serves as a prognostic indicator for PCa patients and also serves as a strong candidate target for the development of novel approaches to manage this disease (11) . Of note, Plk1 is one of the top five upregulated pathways following castration (12) . Several potent and selective ATP-competitive inhibitors of Plk1 have been shown to effectively inhibit tumor growth in in vivo studies (13, 14) . Additionally, we recently reported that inhibition of Plk1 enhances the efficacy of ASIs in CRPC (15) . In this study, we discovered that depletion or inhibition of Plk1 significantly reduces phosphorylated ␤-catenin levels and thus the stabilization of ␤-catenin protein in various prostate cancer cell lines. We also demonstrate that combinatorial inhibition of Plk1 and the Wnt/ ␤-catenin pathway is a novel and therapeutically effective approach to treat CRPC in both cultured cells and LuCaP35CR tumors. Mechanistically, Plk1 inhibits ␤-catenin signaling through phosphorylation of axin2, the major antagonist of the Wnt/␤-catenin pathway, leading to ␤-catenin degradation in human prostate cancer cells. Thus, inhibition of Plk1 activity results in the stabilization of ␤-catenin. posttransfection, the medium was changed, and 2 g/ml puromycin was added to select for transfection-positive cells. After 2 days of drug selection, floating cells were washed away, and the remaining attached cells were used for phenotype analysis. Adenovirus which overexpresses GFPPlk1 was kindly provided by Kyung Lee (National Cancer Institute, MD).
Antibodies. The phospho-specific antibody against axin2-Ser311 was generated by Proteintech (Chicago, IL). Antibodies against Plk1 (catalog no. sc-17783), AR (catalog no. sc-7305), and green fluorescent protein (GFP) were purchased from Santa Cruz Biotechnology. Antibodies against Flag (catalog no. F-3165) and axin2 were purchased from Sigma and Abcam, respectively. Antibodies against ␤-catenin, Cdc20, prostatespecific antigen (PSA), and p-Ser9-glycogen synthase kinase 3␤ (p-Ser9-GSK3␤) were purchased from Cell Signaling, whereas p-Tyr216-GSK3␤ antibody was purchased from BD Bioscience.
Immunofluorescence staining. Immunofluorescence (IF) staining was performed as described previously (15) . Antibodies against ␤-catenin (catalog no. 610153; BD Transduction Laboratory) and/or AR (catalog no. 8956; cell signaling) were incubated for 1 h at room temperature, followed by incubation with secondary antibody and 4=,6-diamidino-2-phenylindole (DAPI; Sigma) for 1 h.
Combination index. The combination index (CI) was calculated by using the equation combination index ϭ (Am) 50 /(As) 50 ϩ (Bm) 50 /(Bs) 50 (19) , where (Am) 50 is the concentration of BI2536 necessary to achieve a 50% inhibitory effect in the combination with half of the concentration of the IWR1 50% inhibitory concentration (IC 50 ), (As) 50 is the concentration of BI2536 that will produce the identical level of effect by itself, (Bm) 50 is the concentration of IWR1 that will produce a 50% inhibitory effect in the combination with half of the concentration of the BI2536 IC 50 , and (Bs) 50 is the concentration of IWR1 that will produce the same level of the effect by itself. Antagonism is indicated when the CI is Ͼ1; a CI equal to 1 indicates an additive effect, and a CI of Ͻ1 indicates synergy (20) .
PC3-derived mouse xenograft model. All the animal experiments described in this study were approved by the Purdue University Animal Care and Use Committee. PC3 cells (1 ϫ 10 6 cells per mouse) were inoculated into nude mice (Harlan Laboratories). Two weeks later, animals were randomized into treatment and control groups of 4 mice each. BI2536 was injected into the tail vein twice weekly. The IWR1 suspension was prepared in coin oil and administered to mice via oral gavage twice weekly. LuCaP35CR xenograft model. Mice carrying LuCaP35CR tumors were obtained from Robert Vessella at the University of Washington. Tumors were amplified and then implanted into precastrated nude mice. After enough tumors were amplified, tumors were harvested and cut into ϳ20-to 30-mm 3 pieces before being implanted into 16 precastrated nude mice. When tumors reached 200 to 300 mm 3 , mice were randomly separated into 4 groups for different treatments, as described above.
Histology and immunohistochemistry. Xenograft tumors were fixed in 10% neutral buffered formalin, paraffin embedded, sectioned to 5 m, and stained by using conventional hematoxylin-and-eosin (H&E) staining. Human prostate tissues were kindly provided by Liang Cheng (Indiana University, IN) and also purchased from U.S. Biomax. Immunohistochemistry (IHC) and immunofluorescent chemistry (IFC) staining were accomplished with the Elite Vectastain ABC kit.
Statistical analysis. The statistical significance of the results was analyzed by using an unpaired Student t test (StatView I; Abacus Concepts Inc., Berkeley, CA), except for the data in Fig. 6M , which were analyzed by a 2 test. A P value of Ͻ0.05 indicates statistical significance.
RESULTS

Inhibition of Plk1
activates Wnt/␤-catenin signaling in human prostate cancer cells. Plk1 is overexpressed in PCa cells, is involved in PCa tumorigenesis and progression (10) , and is one of the top upregulated pathways following castration in PCa xenograft models (12) . The Wnt/␤-catenin pathway is also a major pathway activated in CRPC (9) . However, whether there is cross talk between Plk1 and Wnt/␤-catenin signaling in the context of CRPC is not known. Accordingly, we asked if modulation of Plk1 could significantly alter the status of the ␤-catenin pathway.
Considering that depletion of Plk1 leads to mitotic arrest in cancer cells but not in nontransformed cells (17) , we first employed an adenovirus-based approach to overexpress GFP-Plk1 in the RWPE1 cell line, a nontransformed and immortal human prostate cell line (Fig. 1A) (21) . Overexpression of Plk1 in normal RWPE1 cells increased the level of phosphorylated ␤-catenin and promoted its degradation (Fig. 1B) , suggesting that Plk1 might function as a negative regulator of the Wnt/␤-catenin pathway. In support, Plk1 knockdown in mouse embryonic fibroblasts (MEFs) decreased the level of phosphorylated ␤-catenin and promoted its stabilization (Fig. 1C) (22) . To examine this further, we investigated the Plk1/␤-catenin connection in a panel of PCa cell lines with diverse genetic backgrounds (Fig. 1A) . While PC3 and DU145 cells are AR-null cells, the LNCaP cell line, its derivative cell lines (C4-2 and MR49F), and 22RV-1 cells express AR. Furthermore, LNCaP cells are androgen dependent, but C4-2 and 22RV-1 cells are considered CRPC cells, as their growth is androgen independent. Finally, MR49F cells are derived from LNCaP cells but are enzalutamide resistant (23) . Vector-based small interfering RNA (siRNA) technology (the targeting sequence of human Plk1 is the coding region spanning positions 183 to 203 relative to the starting codon) (Fig. 1D) (18) and a lentivirus-based RNA interference (RNAi) system (the targeting sequence of human Plk1 is the coding region spanning positions 1424 to 1444 relative to the starting codon) (Fig. 1E) (17) were used to deplete Plk1 in PCa cell lines. Interestingly, both depletion of Plk1 ( Fig.  1D and E) and inhibition of Plk1 activity with BI2536 ( Fig. 1F ) resulted in reduced levels of phosphorylated ␤-catenin and stabilization of ␤-catenin in PCa cells with diverse genetic backgrounds. These results suggest that Plk1 inhibition-associated activation of the Wnt/␤-catenin signaling pathway is a general phenomenon in PCa. In agreement, using a TCF/LEF reporter assay, we found that inhibition of Plk1 by BI2536 generated increased transcriptional activity of the ␤-catenin pathway (Fig.  1G ). Since active ␤-catenin shuttles into the nucleus to function as a transcription factor, we also analyzed its subcellular localization by cell fractionation upon inhibition of Plk1 activity. We found that inhibition of Plk1 by BI2536 led to the accumulation of total ␤-catenin and enhanced both cytosolic and nuclear ␤-catenin in PC3 and LNCaP cells (Fig. 1H) . Finally, we performed anti-␤-catenin immunofluorescence (IF) analysis and further confirmed the enhanced levels of cytosolic and nuclear ␤-catenin upon treatment with both BI2536 and GSK461364A, another Plk1 inhibitor currently in clinical trials (24, 25) (Fig. 1I to K) . Altogether, these results demonstrate that Plk1 is a negative regulator of the Wnt/ ␤-catenin pathway and that Plk1 inhibition induces ␤-catenin stabilization in human PCa cells, including CRPC and enzalutamide-resistant PCa cells.
Inhibition of Wnt/␤-catenin signaling enhances the efficacy of BI2536 antineoplastic activity in PC3-derived xenograft tumors. Because inhibition of Plk1 activates Wnt/␤-catenin signaling in cells representing various stages of PCa, we asked whether BI2536 and the Wnt signaling inhibitor IWR-1-endo (IWR1) ( Fig.  2A ) act synergistically to inhibit the growth of PCa. First, PC3 cells were treated with BI2536, IWR1, or BI2536 in combination with IWR1 and harvested for analysis of cleaved poly(ADP-ribose) polymerase (PARP), a marker of apoptosis. As predicted, the combination of BI2536 and IWR1 led to significantly increased cellular apoptotic responses compared to those with BI2536 or IWR1 alone (Fig. 2B) . Next, we performed fluorescence-activated cell sorter (FACS) analysis to monitor any cell cycle defect upon drug treatment. As indicated, the presence of IWR1 potentiated BI2536-associated cell death in PC3 cells (Fig. 2C) . In agreement, treatment of PC3 cells with the combination of BI2536 and IWR1 showed a much stronger inhibitory effect on colony formation than with BI2536 or IWR1 alone ( Fig. 2D and E) . Measurements of IC 50 s also revealed an IC 50 of 12 mol/liter for BI2536-treated PC3 cells (Fig. 2F) . However, the IC 50 of BI2536 was reduced to 2 mol/liter when cells were treated in combination with 30 mol/ liter IWR1. The combination index of the two drugs was calculated to be 0.233 (Ͻ0.3), suggesting a strong synergistic effect between BI2536 and IWR1.
To better assess this synergistic activity, we next tested the effect of combination treatment on a PC3-derived xenograft mouse model. As shown in Fig. 2G , the combination of BI2536 and IWR1 led to a significantly greater tumor-inhibitory effect than did monotherapy with either BI2536 or IWR1. Histological analyses of these tumors under different treatment conditions revealed that tumors from the control group exhibited sheets of malignant cells with marked nuclear pleomorphism, numerous mitotic figures (Fig. 2H) , and high Ki67 levels ( Fig. 2H and I ). These histopathological features are similar to those of high-grade prostatic adenocarcinoma in vivo, which is typically associated with poor clinical outcomes. IWR1-treated tumors showed an invasive growth pattern with infiltrative margins in the skeletal muscle. However, treatment with BI2536 altered the tumor growth pattern so that there was a significant decrease in skeletal muscle invasion (Fig. 2H) . Finally, histological sections of the small residual tissue nodule that remained following combined B12536 and IWR1 treatment predominantly revealed skeletal muscle devoid of malignant cells, suggesting that the combination of BI2536 and IWR1 is a more effective approach to killing PCa cells than monotherapy with BI2536. These results are consistent with our observations with the cell-based study, providing additional evidence of a strong synergistic effect between BI2536 and IWR1 in vitro and in vivo.
Combination therapy with BI2536 and IWR1 blocks growth of CRPC. Because CRPC is an extremely heterogeneous disease and is generally driven by AR, although only a small percentage of cases are AR negative, it is important to use a different model to confirm the synergistic effect between BI2536 and the Wnt signaling inhibitor. Accordingly, we moved on to use the castrationresistant LuCaP35CR xenograft model, which is AR positive (26, 27) . As predicted, monotherapies with BI2536 or IWR1 did not significantly affect castration-resistant tumor growth (Fig. 3A ) and serum PSA levels (Fig. 4A ). In contrast, combination therapy using BI2536 and IWR1 not only completely blocked tumor growth but also induced regression of tumors at the end of the study (Fig. 3B ). Histological analyses of these CRPC tumors showed that tumors from the control group exhibited high-grade prostatic adenocarcinoma characterized by large nuclei, clear chromatin, prominent nucleoli, and numerous mitotic figures (Fig. 3C ). Higher magnification revealed a delicate vascular network throughout the tumor. Tumors from IWR1-treated mice showed similar cytomorphological features, although the vascular network was more prominent, and the tumor had a more nested appearance. B12536-treated tumors showed apoptotic bodies and morphological changes of necrosis, including shrinkage of tumor nests, nuclear pyknosis, and karyorrhexis with an inflammatory cell infiltrate. Remarkably, the tumors treated with BI2536 plus IWR1 showed marked apoptotic bodies with a condensed cytoplasm and pyknotic nuclei (Fig. 3C) . Immunostaining for Ki67 and cleaved caspase 3 also confirmed that tumors from combination therapy had a significant reduction in overall proliferation and a significant increase in apoptosis. (Fig. 3C to E) . Similarly, AR localization was affected. Nuclear AR colocalized with ␤-catenin in BI2536-treated LuCaP35CR tumors, but the intensity of AR and its colocalization with ␤-catenin became significantly reduced in tumors treated with BI2536 plus IWR1 (Fig. 4B  and C) . Because MR49F cells are enzalutamide resistant, it is of clinical significance to ask whether treatment with BI2536 plus IWR1 affects the cellular response to enzalutamide (previously MDV3100). First, as predicted, BI2536 treatment led to increased levels of both cytosolic and nuclear ␤-catenin in MR49F cells (Fig.  4D) . Second, treatment with BI2536 plus IWR1 dramatically inhibited AR intensity and nuclear AR levels ( Fig. 4E and F) . Finally, inhibition of Plk1 activity potentiated enzalutamide-associated cell death, and cotargeting of Plk1 and Wnt/␤-catenin signaling can further sensitize MR49F cells to enzalutamide. This was indicated by an almost complete disappearance of AR protein and a substantial increase in the level of cleaved PARP (Fig. 4G) . Considering that enzalutamide is a major drug used in clinical situations for advanced-stage PCa, our data are particularly significant, strongly suggesting that cotargeting the Plk1 and Wnt/␤-catenin pathway could be an effective strategy to treat ASI-resistant CRPC. In summary, these experiments support the notion that inhibition of Plk1 and inhibition of Wnt/␤-catenin signaling act synergistically in CRPC, providing a novel and promising therapeutic option to treat CRPC patients.
Plk1 phosphorylates axin2. To uncover the mechanism behind the strong synergistic effect between Plk1 and Wnt inhibitors in blocking human prostate tumor growth, we aimed to identify how Plk1 inhibition enhances cytosolic and nuclear ␤-catenin levels, leading to elevated Wnt/␤-catenin signaling. In search of Plk1-interacting proteins using mass spectrometry, we identified axin2, a negative regulator of the Wnt/␤-catenin pathway, as a potential Plk1 substrate (28) . Considering that Plk1 is a mitotic kinase, we first asked whether the expression of axin2 is cell cycle regulated. Accordingly, PC3 or LNCaP cells were synchronized with a double-thymidine block at the G 1 /S boundary and released for different times. As shown in Fig. 5A and C, expression of axin2 started in late S phase, accumulated in G 2 phase, and reached a peak in mitosis in both PC3 and LNCaP cells, precisely matching the Plk1 expression pattern. Confirmatory results were obtained when cells were arrested at the G 2 /M phase by nocodazole treatment (Fig. 5B  and D) , revealing that expression of axin2, similarly to Plk1, is regulated in a cell cycle-dependent manner in human PCa cells. Next, coimmunoprecipitation experiments showed that endogenous Plk1 binds to endogenous axin2 (Fig. 5E) . These results suggest that both Plk1 and axin2 are upregulated at G 2 /M phase and that Plk1 forms a stable complex with axin2 in human PCa cells. We then sought to determine if axin2 functions as a direct substrate for Plk1. Using recombinant GST-axin2 fragments, we next discovered that the axin2 region from amino acids (aa) 301 to 577 was phosphorylated by Plk1 (Fig. 5F ). To more precisely map the phosphorylation site(s), we mutated every serine/threonine within the region spanning aa 301 to 577 to alanine and eventually identified that Plk1 directly phosphorylates axin2 at S311 (Fig.  5G ). Plk1 phosphorylation of axin2 at S311 was confirmed by IB using a phospho-specific antibody (pS311-axin2) (Fig. 5H) . Having established the specificity of the pS311-axin2 antibody, we asked whether S311 of axin2 is similarly phosphorylated by Plk1 in human PCa cells. As shown in Fig. 5I , RNAi-mediated Plk1 depletion completely abolished the phosphorylation of pS311 in nocodazole-treated PC3 cells, suggesting that Plk1 is indeed the major kinase responsible for axin2-S311 phosphorylation in vivo. Moreover, the level of S311 phosphorylation of ectopically expressed axin2 was inhibited by BI2536 in a dose-dependent manner (Fig. 5J) , further supporting the notion that phosphorylation of axin2-S311 is dependent on Plk1-associated kinase activity. Furthermore, anti-pS311-axin2 detected phosphorylated axin2 in lysates from mitotic cells, but the level of S311 phosphorylation was significantly lower for BI2536-treated cells, again arguing that endogenous axin2 is phosphorylated at S311 by endogenous Plk1 (Fig. 5K) . We also asked whether S311 phosphorylation of axin2 is cell cycle regulated by examining PC3 and LNCaP cells released from a nocodazole block. As shown in Fig. 5L and M, the pS311-axin2 epitope was detected in nocodazole-blocked cells, and its expression gradually decreased as cells exited mitosis, matching the pattern of Plk1 expression. Finally, we acknowledge that the in vitro kinase assay shows that the first axin2 fragment (aa 1 to 300) exhibits a weak phosphorylation signal (Fig. 5F ), possibly indicat- 3 ) were plated into 6-well plates for 24 h and then treated with BI2536, IWR1, or both drugs. After changing to fresh medium containing the drug(s) every 3 days for 2 weeks, cells were paraformaldehyde fixed, and colony formation was monitored by crystal violet staining. Data shown are representative of data from 3 repeats. (E) Quantification of colonies in panel D. The numbers of colonies were quantified by using ImageJ software (means Ϯ standard deviations; n ϭ 3 independent experiments). **, P Ͻ 0.01; ***, P Ͻ 0.001. ing an additional minor phosphorylation site. However, considering that the region spanning aa 301 to 577 is clearly phosphorylated to higher levels than the weakly phosphorylated fragment spanning aa 1 to 300, we focused on the functional analysis of S311 for the rest of the study. Collectively, we conclude that Plk1 phosphorylates axin2 both in vitro and in vivo.
Plk1 phosphorylation of axin2 is involved in ␤-catenin degradation in human PCa cells. ␤-Catenin, the major effector of the Wnt signaling pathway, is essential for many developmental processes and has been implicated in tumorigenesis in PCa (8) . It is well established that axin2 serves as a negative regulator of the Wnt/␤-catenin pathway by promoting the phosphorylation, and subsequent degradation, of ␤-catenin (29) . To test whether Plk1 phosphorylation of axin2 affects the modulation of ␤-catenin in human PCa cells, we ectopically expressed different axin2 constructs (WT and S311A) in PC3 and LNCaP cells. As expected, overexpression of axin2-WT promoted the degradation of ␤-catenin. In contrast, introduction of the S311A mutation antagonized axin2 expression-induced degradation of ␤-catenin ( Fig. 6A and B) , suggesting that Plk1 phosphorylation of axin2 enhances its function as a negative regulator of ␤-catenin signaling.
␤-Catenin interacts with AR and enhances AR-mediated transactivation activity in PCa cells (30, 31) . Therefore, we next asked whether Plk1 phosphorylation of axin2 also affects AR-mediated transactivation activity. In comparison to LNCaP cells expressing axin2-WT, LNCaP cells expressing axin2-S311A exhibited much higher levels of ␤-catenin and prostate-specific antigen (PSA), a major downstream target of AR (Fig. 6B) . Treatment of LNCaP cells with androgen R1881 increased the basal level of PSA, but cells expressing axin2-S311A clearly had a much higher level of PSA (Fig. 6C) . To further confirm that Plk1-associated kinase activity toward axin2-S311A regulates ␤-catenin stability and PSA levels, we repeated these experiments in the presence of BI2536. As shown in Fig. 6D and E, BI2536 treatment abolished axin2-WT overexpression-induced degradation of ␤-catenin and PSA, restoring the levels of ␤-catenin and PSA to those observed in cells expressing axin2-S311A. Collectively, these data support the notion that Plk1 phosphorylation of axin2 facilitates degradation of ␤-catenin.
Previous studies have shown that enhancing the level of cytosolic ␤-catenin using purified Wnt3a protein can promote cell growth in PC3 and LNCaP cells (32) . Because cells expressing different forms of axin2 (WT and S311A) showed different levels of ␤-catenin, we tested if Plk1 phosphorylation of axin2 affects cell proliferation. Cells expressing axin2-S311A exhibited a greater colony formation ability ( Fig. 6F and G) than did cells expressing axin2-WT. Finally, we directly compared the tumor-forming abilities of PC3 cells stably expressing different forms of axin2 (WT or S311A). As indicated in Fig.  6H and I, the volumes of tumors expressing axin2-WT were significantly reduced compared to those of tumors expressing axin2-S311A. IHC staining indicated that tumors expressing axin2-S311A had a higher proliferation rate and a higher level of ␤-catenin expression ( Fig. 6J and K) . Furthermore, we conducted IHC staining of Plk1, axin2, and ␤-catenin in both normal human prostate tissue and malignant prostate tumors and found that high expression levels of Plk1 and ␤-catenin correlate with a low expression level of axin2 in malignant tumors (Fig. 6L and M) . Taken together, these data suggest that Plk1 phosphorylation of axin2 is a major mechanism that facilitates the degradation of ␤-catenin in PCa cells. We conclude that dysregulation of Plk1-associated axin2 phosphorylation results in activation of the Wnt/␤-catenin pathway in PCa, which is linked with higher grades of PCa tumors.
Plk1 phosphorylation of axin2 enhances binding between GSK3␤ and ␤-catenin. Next, we aimed to further dissect the underlying mechanism for Plk1 phosphorylation of axin2 mediating the degradation of ␤-catenin. Considering that GSK3␤ is a negative regulator of both ␤-catenin and AR-mediated transcription (33) (34) (35) . We hypothesized that Plk1 phosphorylation of axin2 mediates degradation of ␤-catenin through GSK3␤. To test this directly, PC3 cells were transfected with different forms of axin2 (WT and S311A) and harvested for IP with ␤-catenin antibodies, followed by IB for axin2, GSK3␤, and ␤-catenin. As indicated, binding between GSK3␤ and ␤-catenin was remarkably decreased in cells overexpressing axin2-S311A compared to cells expressing axin2-WT (Fig. 7A) , suggesting that Plk1 phosphorylation of axin2 is critical for binding between GSK3␤ and ␤-catenin, an essential step for the subsequent degradation of ␤-catenin.
Because GSK3␤-dependent phosphorylation of ␤-catenin leads to its degradation, inhibition of GSK3␤ causes stabilization of ␤-catenin (Fig. 7B) . However, because the binding of GSK3␤ and ␤-catenin is inhibited in cells expressing axin2-S311A, we predict that the level of ␤-catenin will be constitutively higher under these conditions. Indeed, this was verified in both PC3 (Fig.  7C) and LNCaP (Fig. 7D) cells, further supporting a relatively lower level of interaction between GSK3␤ and ␤-catenin upon axin2-S311A expression.
Plk1 phosphorylation of axin2 leads to increased resistance to Cdc20-mediated degradation. We aimed to search for additional mechanisms to understand how Plk1 phosphorylation of axin2 is involved in degradation of ␤-catenin. Cdc20 is a positive regulator of the anaphase-promoting complex (APC), an E3 ubiquitin ligase that controls the degradation of many mitotic proteins. It has been reported that axin2 protein stability is regulated by Cdc20 (36) . We thus asked whether Plk1 phosphorylation of axin2 also regulates Cdc20-mediated degradation by coexpressing HA-Cdc20 with different axin2 constructs (WT and S311A). As indicated, axin2-WT appears to be more resistant to Cdc20 expression-induced degradation than axin2-S311A in both PC3 (Fig. 7E) and LNCaP (Fig. 7F ) cells, suggesting that Plk1 phosphorylation of axin2 also antagonizes Cdc20-mediated degradation. This is in agreement with data from a previous study showing that Cdc20-resistant axin2 inhibits the Wnt/␤-catenin pathway and attenuates colony formation (36) . Such an observation is also consistent with our above-described data showing that cells expressing axin2-WT exhibit significantly reduced colony formation ability compared to that of cells expressing axin2-S311A (Fig. 6F) .
DISCUSSION
Plk1 in CRPC treatment. ASI-based target therapy is one major approach to treat patients with CRPC. However, resistance to powerful antiandrogens such as abiraterone or enzalutamide occurs rapidly (3, 6) . Therefore, CRPC remains an incurable disease, reflecting the urgency to develop new approaches to enhance the efficacy of ASIs. In this regard, a number of experimental facts support the notion that Plk1 could be an important target whose inhibition can overcome therapy resistance in CRPC. First, castration, the major approach to treat late-stage PCa, activates many downstream signaling pathways, in which Plk1 is one of the top five upregulated pathways in human PCa xenograft models (12) . Second, among multiple castration-associated side effects, increased oxidative stress contributes to the elevation of Plk1 levels in an NF-B-dependent manner (15) . Third, Plk1 phosphorylation of Clip-170 (37) and p150
Glued (38) , two microtubule plus-end binding proteins, enhances microtubule dynamics, consequently contributing to taxel resistance (39) . Fourth, Plk1 phosphorylation of the PTEN tumor suppressor causes its inactivation and, thus, activation of the phosphatidylinositol 3-kinase (PI3K)-AKT-mTOR pathway, a major driving force for PCa progression (40) . Fifth, castration-induced elevations of Plk1 levels contribute to the constitutive activation of AR signaling, another major force in CRPC disease. Consequently, Plk1 inhibition enhances the efficacy of androgen signaling blockades in CRPC (15) . The data presented here are surprising as they clearly show that one major side effect of inhibiting Plk1 is activation of the Wnt/␤-catenin pathway. Inhibition of Plk1-associated activation of Wnt/␤-catenin signaling is not affected by the different genetic backgrounds of PCa cells, including the mutational status of PTEN, p53, and AR (Fig. 1 ). This is of high clinical significance because PCa is an extremely heterogeneous disease, and identification of the conserved mechanism(s) across different subtypes of PCa will lead to the discovery of more efficient drugs/approaches. Previous studies also linked the Wnt/␤-catenin pathway to prostate tumorigenesis (8) . Next-generation sequencing studies of CRPC specimens identified the Wnt/␤-catenin pathway as a top signaling pathway with significant genomic alterations in CRPC (9) . However, how the Wnt/␤-catenin pathway can be targeted in CRPC treatment remains unclear. Because Plk1-associated kinase activity is clearly involved in many CRPC treatment-related events, we propose that the combination of Plk1 inhibition and inhibition of the Wnt/␤-catenin pathway is a valid treatment approach for CRPC. Role of Plk1 in regulation of nonmitotic events. Plk1 is now recognized as a key regulator in cellular processes with diverse functions (11, 41) . For example, we previously reported that Plk1 phosphorylation of Topors and GTSE1, two negative regulators of the p53 tumor suppressor, leads to p53 inactivation (42, 43) and premature termination of cell cycle arrest due to DNA damage. We have also shown that Plk1 phosphorylation of Hbo1 and Orc2, two members of the DNA replication machinery, regulates DNA synthesis by affecting chromatin loading of prereplicative complexes (16, 44) . More recently, we discovered that Plk1 phosphorylation of PTEN leads to a tumor-promoting metabolic state with increased glycolysis and glutamine anaplerosis, two hallmarks of cancer cells (40) . Of interest, others reported previously that Plk1 interacts with and phosphorylates axin and that Plk1 phosphorylation of axin is involved in proper centrosome formation. Because abnormal amplification of centrosomes leads to chromosome missegregation and aneuploidy, Plk1 phosphorylation of axin could be a contributing factor in cancer development. However, whether Plk1 phosphorylation of axin affects the status of the Wnt/␤-catenin pathway is still not known (45) . Furthermore, it was recently discovered that Nek2 phosphorylates and stabilizes ␤-catenin at mitotic centrosomes and that this event, which is critical for bipolar spindle formation in metaphase, acts downstream of Plk1 (46) . Therefore, it is clear that the cross talk between Plk1 and the members of ␤-catenin pathway likely regulates both the canonical Wnt/␤-catenin pathway and centrosome function.
In this study, we now identify axin2, another member of the axin protein family, as a novel Plk1 substrate (Fig. 5) . Significantly, our studies revealed that Plk1 phosphorylation of axin2 is clearly involved in the regulation of ␤-catenin stability and, consequently, PCa growth (Fig. 6) . Mechanistically, Plk1 phosphorylation of axin2 facilitates the GSK3␤-dependent phosphorylation of ␤-catenin by enhancing binding between GSK3␤ and ␤-catenin, an essential early step for the subsequent degradation of ␤-catenin. In cells expressing the axin2-S311A mutant, binding between GSK3␤ and ␤-catenin is significantly reduced, leading to inhibited ␤-catenin phosphorylation and accumulation of ␤-catenin protein (Fig. 7G) . This novel discovery provides an explanation for how the inhibition of Plk1 leads to the activation of the Wnt/␤-catenin pathway.
In AR-negative tumors, although the mechanisms by which prostate cancer cells develop into the androgen-insensitive stage are currently unclear, it is believed that tumor cells must either bypass or adapt the androgen signaling pathway to survive in a low-androgen environment during progression. Thus, in AR-null PC3-derived tumors, activation of ␤-catenin must activate other critical downstream targets other than AR to drive tumor growth. In AR-positive and androgen-dependent tumors (LuCaP35CR), Plk1 inhibitor treatment caused ␤-catenin activation, directly activating AR signaling.
In summary, our findings strongly suggest that activation of the Wnt/␤-catenin signaling pathway needs to be carefully considered when Plk1 inhibitors are used in various combination therapies and that targeting inhibition of Plk1 and the Wnt/␤-catenin pathway simultaneously would most likely be an improved and more effective approach for future CRPC therapy.
